Abstract -The Late Cretaceous -Recent West Black Sea Basin and the Eocene-Oligocene Thrace Basin are separated by the Strandja arch comprising metamorphic and magmatic rocks. Since Late Cretaceous time the Strandja arch formed a palaeo-high separating the two basins which accumulated clastic sediment of >9 km thickness. During late Eocene -early Oligocene time the marine connection between these basins existed through the Çatalca gap west of Istanbul. The Çatalca gap lies on the damage zone of a major Cretaceous strike-slip fault; it formed a 15 km wide marine gateway, where carbonate-rich sediments of thickness c. 350 m were deposited. The sequence consists of upper Eocene shallow marine limestones (SBZ18-20) overlain by upper Eocene -lower Oligocene (P16-P19 zones) pelagic marl with a rich fauna of planktonic foraminifera; the marls are intercalated with 31-32 Ma acidic tuff and calc-arenite beds. The Çatalca gap is bounded in the west by a major normal fault, which marks the eastern boundary of the Thrace Basin. Seismic reflection profiles, well data and zircon U-Pb ages indicate that the Thrace Basin sequence west of the fault is late Eocene -middle Oligocene (37-27 Ma) in age and that the fault has accommodated 2 km of subsidence. Although there was a marine connection between the West Black Sea and Thrace basins during late Eocene -early Oligocene time, no significant exchange of clastic sediment took place. Sedimentation in the Çatalca gap ended abruptly during early Oligocene time by uplift, and this eventually led to the paralic conditions in the Thrace Basin.
Introduction
The West Black Sea Basin opened during Late Cretaceous time as a back-arc basin with thinned continental and oceanic crust to the north of the Pontide magmatic arc (e.g. Robinson et al. 1996; Nikishin et al. 2015a) . The basin underwent continuous subsidence resulting in a sedimentary thickness of >14 km. The adjacent Thrace Basin, 300 km by 300 km in area, is younger; it is filled with Eocene-Oligocene clastic strata, reaching a thickness of 9 km in its central part (Kopp, Pavoni & Schindler, 1969; Doust & Arıkan, 1974; Turgut, Türkarslan & Perinçek, 1991) . These two hydrocarbon-bearing basins are separated by the Strandja Massif, which is made up of metamorphic and plutonic rocks (Fig. 1) . During Cenozoic time most of the Strandja Massif formed a land area of low relief undergoing minor erosion, as reflected in the Late Cretaceous apatite fission-track ages (Cattò et al. 2017) . The ‡Author for correspondence: okay@itu.edu.tr only region where the Eocene-Oligocene sequences of the Black Sea and Thrace Basin are in contact is the Çatalca area west of Istanbul. This 20 km wide area, referred to here as the Çatalca gap, also has a special tectonic significance as it corresponds to the location of a major Cretaceous strike-slip fault, the West Black Sea Fault, separating the Strandja Massif and the Istanbul Zone (Okay,Şengör & Görür, 1994) . During the opening of the West Black Sea Basin, the Istanbul Zone was translated southwards from its original position south of the Odessa shelf along the West Black Sea Fault. The West Black Sea Fault extends onshore to the Çatalca gap, where it is concealed by Eocene and Oligocene strata (Fig. 2) .
The Çatalca gap is a broad area of low relief between the Strandja Massif and the Istanbul Zone. The oldest Tertiary sediments in the Çatalca gap are upper Eocene shallow-marine limestones of the Sogucak Formation (Figs 2, 3; Less, Özcan & Okay, 2011) . The limestones are unconformably overlain by the upper Eocenelower Oligocene pelagic marls with acidic tuff Geol. Mag. 156 (1), 2019, pp. 39-61 horizons, known as theİhsaniye Formation (Yurtsever & Çaglayan, 2002; Gedik et al. 2014) , which crop out over wide areas in the Çatalca gap (Fig. 2) . The Çatalca gap is bounded in the east by a palaeo-high made up of the Carboniferous sandstones of the Istanbul Zone and in the west by the Çatalca ridge, which also constitutes the boundary between the Thrace Basin and Black Sea realm. The Çatalca ridge represents the southernmost spine of the Strandja Massif and consists of pre-Tertiary metamorphic and granitic rocks, which are overlain on its northeastern side by upper Eocene shallow-marine limestones ( Fig. 2 ; Less, Özcan & Okay, 2011) . In the SW the Çatalca ridge is bounded by a major normal fault, the Çakıl Fault, which formed a major hinge zone during Oligocene time. Seismic sections and petroleum wells indicate the existence of a regressive Eocene-Oligocene clastic sequence, several kilometres thick, of the Thrace Basin SW of the Çakıl Fault. We have investigated the stratigraphic units in the Çatalca gap and in the neighbouring Thrace Basin using geological mapping, micropalaeontology, zircon U-Pb geochronology and seismic reflection.
Methods

2.a. Planktonic foraminifera
Sixty marl samples collected from six stratigraphic sections were studied for planktonic foraminifera. Samples were disaggregated by diluted hydrogen peroxide (30 %) for obtaining isolated specimens. Planktonic foraminiferal assemblages are abundant, well diversified and preserved in all samples. Taxonomic analyses are based mainly on Pearson et al. (2006) and the biozonation follows Berggren et al. (1995) .
2.b. Larger benthic foraminifera
Larger benthic foraminifera (nummulitids, orthophragminids) have been sampled from the Eocene and lower Oligocene shallow -deep-marine strata. The loose specimens, isolated from the marl and limestone, have been sectioned through the equatorial and axial planes for taxonomic studies. The biostratigraphic scheme (SBZ zones) follows Serra-Kiel et al. (1998) , Less & Özcan (2012) and Papazzoni et al. (2017) .
2.c. Mineral separation, preparation and laser ablation ICP-MS zircon dating
Zircon fractions from rock samples were separated in Istanbul Technical University using standard mineral separation procedures. This included crushing wholerock samples to sand-size grains, sieving, repeated rinsing and cleansing of samples in water and acetone and passing the samples through a Frantz magnetic separator. For zircon separation we used heavy liquids followed by handpicking under stereographic microscope. The zircons were mounted in epoxy and were polished in the Istanbul Technical University. Cathodoluminescence (CL) images of the polished zircons were taken on a Zeiss Evo 50 EP scanning electron microscope at the Hacettepe University in Ankara. Zircons were analysed using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the University of California, Santa Barbara (KylanderClark, Hacker & Cottle, 2013) . For session-specific details of the method employed here, see Okay et al. (2014) . Long-term reproducibility in secondary reference materials is <2 % and, as such, should be used when comparing ages obtained within this analytical session to ages elsewhere. Where applicable, for age calculations 2 % uncertainty is shown in brackets Gradstein et al. (2012). following the analytical uncertainty. The analytical data are given in online Supplementary Tables S1-S5, available on the Cambridge Journals Online website (http://journals.cambridge.org/geo).
The Eocene-Oligocene sequence in the Çatalca gap
The Tertiary stratigraphy in the region between the Çatalca ridge and the Black Sea consists of shallowmarine upper Eocene limestones overlain disconformably by Oligocene and Miocene sequences (Figs 2, 3 ).
3.a. Upper Eocene shallow-marine carbonates: the Sogucak Formation
The Sogucak Formation consists of thickly bedded to massive, white to light-grey shallow-marine limestone, 5-60 m thick, with solitary corals, bivalves, algae, bryzoans and larger benthic foraminifera (Less, Özcan & Okay, 2011) . In the west it lies unconformably above the metamorphic rocks of the Çatalca ridge, in the east above the Carboniferous sandstones and in the north on the Black Sea coast possibly on the Upper Cretaceous volcanic rocks (Fig. 2) . The Eocene marine transgression occurred on a rugged, tectonically active topography, as shown by Neptunian dykes in the metamorphic rocks of the Çatalca ridge filled by Eocene limestone penetrating up to 10 m below the contact ( Fig. 4a ; Less, Özcan & Okay, 2011) . At some localities such as in the northern parts of the Çatalca ridge or above the Carboniferous sandstones, there is a sandstone horizon at the base of the Sogucak Formation.
The Sogucak Formation was studied in several sections, which include those described in Less, Özcan & Okay (2011) and a new section at Sazlıbosna (Figs 2, 5b). Larger benthic foraminifera from the Sogucak Formation were used to assign its age to shallow benthic zones SBZ18-20. In studies prior to 2012, SBZ18 was included in the middle Eocene (Bartonian; Serra-Kiel et al. 1998; Özcan et al. 2006) ; however, new magnetostratigraphic and biostratigraphic data indicate that the middle-upper Eocene boundary lies in the lower part of SBZ18 (in SBZ18A; e.g. Costa et al. 2013; Rodelli et al. 2016; Papazzoni et al. 2017 Figs 4b, 5b, 6 ). In the nearbyŞamlar and Hacımaşlı sections, the age of the Sogucak Formation is early Priabonian (SBZ18A-B; Less, Özcan & Okay, 2011) . On the Çatalca ridge the phyllites of the Strandja Massif are unconformably overlain by middle-late Priabonian (SBZ19-20) shallow-marine limestones ( Fig. 4a ; Çatalca-A and B sections of Less, Özcan & Okay, 2011 The Upper Eocene Sogucak Formation is overlain by two distinct sequences in the Çatalca gap. These are a brackish to lagoonal sequence of lower Oligocene sandy limestone and shale, the Pınarhisar Formation, which crops out close to the Çatalca ridge, and the upper Eocene -lower Oligocene pelagic marls of thė Ihsaniye Formation, which constitute most of the surface geology of the Çatalca gap (Fig. 2) .
Theİhsaniye Formation consists of light-grey, bluish-grey, beige massive marl, carbonate-rich mudstone interbedded with white limestone and white tuff layers; there are also rare sandstone and conglomerate beds. The tuffs and limestone constitute c. 5 % and 7 % of the sequence, respectively, the rest being largely marl. The tuff beds are generally 10-30 cm thick, pure white and consist of very fine-grained, angular quartz, feldspar and rare biotite shards in a glassy matrix; the volcanic glass makes up more than 95 % of the rock and has altered to a mixture of smectite and illite, as shown by the x-ray diffraction (XRD) spectra. The fine, homogeneous grain size and bedded nature of the tuffs indicate that they are ash falls. They must have been the products of volcanic activity in the western part of the Thrace Basin and the Rhodope Massif, where lower Oligocene magmatic rocks are widespread (Eleftheriadis & Lippold, 1984; Ercan et al. 1998) . The limestones beds are up to 1 m thick and are calc-arenitic. They consist of transported clasts of algae and benthic foraminifera, and are interpreted as calciturbidites. Theİhsaniye Formation is poorly consolidated and the bedding is generally subhorizontal. Minimum thickness is 160 m as shown by the Çatalca station well (Erentöz, 1949) , and the likely thickness is 300 m.
Planktonic and benthic foraminifera of theİhsaniye Formation were studied in several measured stratigraphic sections (Figs 6, 7). The marls of theİhsaniye Formation contain a rich, well-preserved diverse fauna of planktonic foraminifera. Several tuff horizons from theİhsaniye Formation were also dated using the zircon U-Pb method.
Biostratigraphic data indicate that the base of thė Ihsaniye Formation is time transgressive and ranges from late Priabonian to early Rupelian in age (planktonic foraminifera zones P16-17 to P19) with the earliest ages recorded in the centre of the Çatalca gap (Fig. 8 ). In the Sazlıbosna section, shallow-marine sandy limestones of Bartonian-Priabonian transition age (SBZ18A) are overlain by white marl and silty marl of theİhsaniye Formation, which have yielded late Priabonian (P16-17 zones) planktonic foraminifera (Figs 5b, 7). In theİncegiz region north of the Çatalca ridge, a 6 m deep channel in the lower Priabonian (SBZ18) shallow-marine limestones of the Sogucak Formation is filled by upper Priabonian (P17 Zone) marl, silty marl and conglomerate with wellrounded clasts of the Sogucak Formation (Fig. 5a ). The presence of rounded and lithified clasts of the Sogucak Formation in the upper Eocene marls implies a period of emergence following the deposition of the Sogucak Formation in theİncegiz region. This unconformity is well exposed in the Karaburun on the Black Sea coast, described in the following section.
3.b.1. Karaburun on the Black Sea coast
The Karaburun region is the only known locality along the Thracian Black Sea coast where both Eocene and Oligocene successions are well exposed in 50 m high cliffs. The stratigraphy of the Karaburun region is described by Oktay, Eren & Sakınç (1992) , Sakınç (1994) and Less, Özcan & Okay (2011) . Recently Natal'in & Say (2015) published a completely different stratigraphy for the Eocene-Oligocene succession at Karaburun, which is incompatible with the field data and with the earlier studies as discussed below.
A detailed geological map and cross-section of the region is shown in Figure 9 . Massive Eocene reefal limestones with a minimum thickness of 60 m, containing in situ corals, algae and benthic foraminifera crop out on the Cape of Karaburun; foraminifera from the upper part of the limestones includes Spiroclypeus carpaticus, Asterocyclina stella and Heterostegina gracilis and indicate a late Priabonian age (SBZ20, Fig. 6 ). The base of the Sogucak Formation is not exposed but the limestones probably lie above the Upper Cretaceous volcanic rocks, which crop out further east along the coast (Fig. 2) .
The Sogucak Formation is unconformably overlain by the marls of theİhsaniye Formation (Oktay, Eren & Sakınç, 1992; Sakınç 1994; Less, Özcan & Okay, 2011) . The unconformity surface is marked by patches of dark brown hard ground (Fig. 4d) . Further evidence for the unconformity is the presence of Neptunian dykes of theİhsaniye Formation, which extend several metres below the unconformity surface inside the Eocene limestones (Fig. 4e) . The Oligocene succession above the Sogucak Formation also includes blocks, up to 1 m large, derived from the Sogucak Formation (Fig. 4h) . Natal'in & Say (2015) argue for a conformable contact between the Eocene and Oligocene successions in Karaburun; however, the Eocene limestone shown above the hard ground in figure 4d of Natal'in & Say (2015) as evidence for a conformable contact is not in situ.
Two short stratigraphic sections were measured in Karaburun straddling the Eocene-Oligocene boundary (Figs 4d, f, 5c, d) . In these sections the massive limestones are overlain by white silty marl; planktonic foraminifera from the marls indicate an early Rupelian age (P19 Zone, Fig. 7) constraining the unconformity to around the Eocene-Oligocene boundary.
The Oligocene succession west of Cape Karaburun is c. 100 m thick and can be subdivided into three series (Fig. 9) . The lower series, 25 m thick, includes the basal silty marls and an overlying succession of medium-bedded, pebbly calcareous sandstone, siltstone, conglomerate and calc-arenite. The clasts in the calcareous sandstones are mainly rounded, black, grey, dark-green basaltic andesite and andesite with minor Eocene limestone. The volcanic clasts range from sand-sized up to 30 cm across, and in a few beds the clasts are dense enough to call the rock a conglomerate. Eocene limestone clasts are less common but may reach up to 1 m in size (Fig. 4h) . The sandstones consist of carbonate and lithic grains with an abundance of bioclastic components. Some beds are rich in Nummulites vascus, a lower Oligocene Nummulite species (Sakınç, 1994) . The depositional environment is shallow marine, possible a carbonate shore or inner shelf, as suggested by the presence of intact Ostrea (Oktay, Eren & Sakınç, 1992) .
The middle part of the Oligocene succession, about 60 m thick, consists principally of an intercalation of light grey marl (about 65 %) and medium-bedded carbonate-rich siltstone and sandstone (30-35 %) with minor debris-flow horizons (Fig. 4g) . The marls contain a rich planktonic foraminifer fauna indicating an early Oligocene age (Oktay, Eren & Sakınç, 1992; Gedik et al. 2014) . The siltstones and sandstones consist principally of carbonate grains with a minor admixture of volcanic clasts and show graded bedding, scoured basal contacts and parallel lamination indicating deposition by turbidite currents. The debris-flow horizons have a channelized geometry with thickness of up to 5 m and are principally composed of Eocene limestone clasts. They increase in intensity upwards in the sequence, and the top 20 m of the Karaburun Oligocene succession is mainly made up of breccia and conglomerate intercalated with disrupted marl horizons. In this part there is also ample evidence for submarine sliding.
3.b.2. Oligocene sequence in the Çatalca gap
We measured two stratigraphic sections in theİhsaniye Formation to constrain its age and facies in the centre of the Çatalca gap. The Kızılcaali section is a 125 m thick road section, and the 70 m thick Akpınar section was measured in a civil construction site (Fig. 2) . Both sections consist of white, grey homogeneous marl horizons, several metres thick, which are intercalated with thin calc-arenite, argillaceous limestone and acidic tuff beds (Figs 10, 11 ). There are also rare up to 15 m thick massive channelized limestone breccia horizons representing submarine channels. In the Akpınar section there are occasional beds of brown Mn-rich sandstone, which correlate with the sedimentary manganese deposits of the Pınarhisar Formation close to the Çatalca ridge. Forty-six samples from both sections were studied for foraminifera. The marls are rich in pelagic foraminifera as well in radiolaria, sponge spicules and echinoid fragments (Fig. 7) . Planktonic foraminifera indicate P19 Zone for both sections, corresponding to middle lower Oligocene strata. In the Kızılcaali section the presence of Pseudohastigerina micra in all samples and the regular appearance of Paragloborotalia opima above sample 1615 suggest that the section represents the lower and middle part of the P19 Zone (Coccioni et al. 2008) . In the Akpınar section the absence of Pseudohastigerina micra (except for in the basal sample) and abundance of Paragloborotalia opima indicate that that section represents the upper part of the P19 Zone. Both sections contain transported benthic foraminifera, which indicate a broad early Oligocene age (Fig. 6) .
There are two white tuff horizons in the Akpınar section (Fig. 10) . Zircons from these tuff horizons were dated in UC Santa Barbara using LA-ICP-MS. A sample from the upper tuff bed (1586) gave a precise U-Pb age of 31.05 ± 0.19 Ma (0.62) ( Fig. 12a ; Supplementary Table S1). Zircons from the lower horizon show a scattered age population; however three zircons indicate an age of 32.3 ± 1.8 Ma ( Fig. 12b ; Supplementary Table S2 ). In the Kızılcaali section there are five tuff beds; the topmost tuff bed yielded a precise zircon U-Pb age of 31.51 ± 0.91 Ma ( Fig. 12c; Supplementary Table S3 ). These zircon ages are compatible with the biostratigraphic data and indicate a middle early Oligocene (P19 Zone) age for the Akpınar and Kızılcaali sections. A spot tuff sample from theİhsaniye Formation collected from north of Çatalca (sample 1560 in Fig. 2 ) produced a similar zircon U-Pb age of 31.63 ± 0.31 (0.63) Ma ( Fig. 12d; Supplementary Table S4 ). Biostratigraphic data and zircon U-Pb ages therefore indicate a middle early Oligocene age for theİhsaniye Formation. The presence of pelagic foraminifera, radiolaria and channelized debris flows indicate a deep outer shelf for its depositional environment.
In the Çatalca gap theİhsaniye Formation is unconformably overlain by Miocene fluviatile and limnic sedimentary rocks (Figs 2, 3 ; Suc et al. 2015) . The subhorizontal bedding and general absence of shortening structures in theİhsaniye Formation and lack of any evidence for shallowing upwards suggest that the uplift of the Çatalca gap occurred during early Oligocene time along deep-seated faults on the Black Sea margin. An example of such a reverse fault is observed in Karaburun ( Fig. 9 ; Oktay, Eren & Sakınç, 1992; Natal'in & Say, 2015) . In contrast to the Çatalca gap, the sedimentary sequence in the Thrace Basin west of the Çatalca ridge is much thicker and continues into upper Oligocene strata (Fig. 8) . Similarly, seismic reflection sections in the West Black Sea Basin suggest that the Oligocene -lower Miocene Maykop sequence is several kilometres thick (Nikishin et al. 2015a ). 
3.c. Oligocene sandy limestone, manganese deposits and dark shales: the Pınarhisar Formation
In the vicinity of the Çatalca ridge, the lower Oligocene sequence consists of lagoonal porous pebbly, sandy limestone, conglomerate and shale, called the Pınarhisar Formation ( Fig. 13 ; Akartuna, 1953; Gökçen, 1973) . The sequence crops out on the northeastern margin of the Çatalca ridge, where it lies above the upper Eocene limestones with an angular unconformity (Fig. 4c) . The sandy limestones contain an abundance of the brackish bivalves, and are overlain by dark laminated shales with fish fossils and plant remains (Akartuna, 1953; Gökçen, 1973) . Similar Oligocene lagoonal sequences crop out further NW on the margins of the Thrace Basin (İslamoglu et al. 2008) .
In the Çatalca region sedimentary manganese deposits consisting of pisolithic manganese ore occur locally at the contact between the lagoonal limestones and shales ( Fig. 13 ; Gültekin, 1998) . Lower Oligocene Tables S1-S5. manganese deposits are common in the Paratethys and have been described from the Balkans, Georgia and Russia (Öztürk & Frakes, 1995; Varentsov, 2002) but are unknown from the Tethyan realm (cf. İslamoglu et al. 2008) . They formed during a unique depositional event (Solenovian event) during early Oligocene time, dated to NP22-23 (NP: nannoplankton; c. 32 Ma; Soták et al. 2001; Rojkovič et al. 2008; Sachsenhofer et al. 2009) . The rare Mn-rich sandstone beds in thė Ihsaniye Formation represent a distant reflection of this event. An early Oligocene age for the Pınarhisar Formation is also indicated by its ostracod fauna (Gökçen, 1973) . The Pınarhisar Formation is therefore coeval with theİhsaniye Formation, but represents a lagoonal and restricted marine environment closer to the land (Fig. 8) .
The Çatalca ridge and the Thrace Basin
The Çatalca ridge constitutes the boundary between the Çatalca gap and the Thrace Basin (Fig. 2) . It forms a narrow horst, bounded by two subparallel normal faults (Fig. 13) . The main fault with 2 km of vertical total offset, the Çakıl Fault, is on the southwestern side of the ridge; the morphologically more distinct Çatalca fault on the northeastern side has a smaller total vertical slip of c. 300 m (Fig. 14) . The relatively minor offset along the Çatalca Fault is also evident from the observation that the metamorphic basement crops out seven kilometres NE of Çatalca ridge (Fig. 13) .
A seismic reflection section perpendicular to the Çakıl Fault shows it to be a planar fault dipping at c. 45° (Fig. 14a) . A magnetotelluric profile across the Çakıl Fault also shows it to be a SW-dipping major structure (Karcıoglu et al. 2013) . The Çakıl Fault is one of several en échelon normal faults forming the northeastern boundary of the Thrace Basin. The other faults are buried by the upper Miocene strata and are only recognized in the seismic sections (Turgut, Türkarslan & Perinçek, 1991; Perinçek, 1991) ; Çakıl Fault is unique in juxtaposing metamorphic rocks of the Strandja Massif against the Oligocene sandstones in outcrop (Fig. 13) .
The Thrace Basins sequence west of the Çatalca ridge is principally known from the wells and seismic sections. These show the presence of a >2 km thick clastic-dominated Eocene-Oligocene succession, which contrasts with the 300 m thick EoceneOligocene succession in the Çatalca gap (Fig. 13) . At the base lies the 400 m thick lower-middle Eocene succession, the Hamitabad Formation, which is not present in the Çatalca gap (Figs 14a, 15) . The Hamitabad Formation in the Thrace Basin is principally known from wells and seismic sections; it encompasses a variety of clastic facies from turbidites to continental clastic rocks (Turgut, Türkarslan & Perinçek, 1991; Siyako & Huvaz, 2007) . In the seismic sections the top of the Hamitabad Formation is a major unconformity (cf. fig. 7 of Siyako & Huvaz, 2007) . Vitrinite reflectance values also exhibit a change above the Hamitabad Formation (Huvaz, Sarikaya & Nohut, 2005) . These observations indicate a major break in sedimentation during middle Eocene time, which was a time of contractional deformation, uplift and erosion in the western Anatolia and in the Balkanides (Sinclair et al. 1997; Özcan et al. 2012) . The lower-middle Eocene succession in the Çatalca gap must have been eroded during this contractional episode.
West of the Çatalca ridge the Hamitabad Formation is overlain by shallow-marine limestones of the Sogucak Formation, a few tens of metres thickness, which pass up into shale and marl of the upper Eocene -lower Oligocene Ceylan Formation. The Ceylan Formation occurs widely in the subsurface in the eastern part of the Thrace Basin (Siyako & Huvaz, 2007) ; it correlates in part with theİhsaniye Formation. The Ceylan Formation is overlain by shale with minor sandstone, the Mezardere Formation, deposited in the slope and frontal plain of a major delta (Turgut, Türkarslan & Perinçek, 1991; Siyako & Huvaz, 2007) . The Mezardere Formation passes up into a paralic Oligocene sequence of sandstone, conglomerate and mudstone with lignite seams and tuff horizons, >500 m in thickness, which crops out on the surface (Fig. 13) . This sequence represents delta front and delta plain deposits and has been divided into Osmancık and Danişmen formations (Turgut & Eseller, 2000) . The division is mainly on the basis of seismic data (e.g. Siyako, 2006) ; the distinction is difficult to make in outcrop. The Osmancık-Danişmen formations represent the terminal stage of the Thrace Basin (Turgut, Türkarslan & Perinçek, 1991; Siyako, 2006; Siyako & Huvaz, 2007; Perinçek et al. 2015) . The sandstones of the Osmancık-Danişmen formations dip gently to the SE and cover the southeastern projection of the Çakıl Fault (Fig. 2) . This is also illustrated by a seismic reflection profile on the northern margin of the Marmara Sea south of Avcılar, which shows a gently folded Oligocene sequence with no evidence for a major fault (Figs 2, 14c ; Ergintav et al. 2011) . These observations suggest a decrease in activity of the Çakıl Fault towards the end of the deposition of the Osmancık-Danişmen formations during late Oligocene time.
The Osmancık-Danişmen formations are usually assigned a broad Oligocene age (mostly late Rupelian -early Chattian) based on vertebrate faunas and palynomorphs (Ozansoy, 1962; Lebküchner, 1974; Ediger & Alişan, 1989; Ünay-Bayraktar, 1989) ; however, many studies extend their age into the early Miocene (Turgut, Türkarslan & Perinçek, 1991; Turgut & Eseller, 2000; Siyako, 2006; Perinçek et al. 2015) . We dated zircons from the tuffs from the uppermost parts of the Osmancık-Danişmen succession to constrain the top age of the Thrace Basin and that of the Çakıl Fault. White porous tuffs, the Çantaköy tuff, constitute the topmost part of the Osmancık-Danişmen formations SW of the Çatalca ridge (Fig. 13) . Zircons from a sample (1456) of the Çantaköy tuff gave a middle Oligocene U-Pb age of 27.86 ± 0.16 Ma (0.56) ( Fig. 12e ; Supplementary Table S5) . Zircon U-Pb ages between 25.4 Ma and 24.3 Ma are reported from tuffs in the Osmancık-Danişmen formations from further SE in the Beylikdüzü region ( Fig. 2 ; Arpat, 2017; Timur Ustaömer, pers. comm., 2017) . These tuffs lie above the SE projection of the Çakıl and Çatalca faults. These zircon ages indicate that the sedimentation in the Thrace Basin ended during late Oligocene time and the activity of the Çakıl Fault was terminated by middle Oligocene time.
The Eocene shallow-marine limestone of the Sogucak Formation, which is on the surface at 200 m above sea level on the Çatalca ridge, was encountered in the Kadiköy-1 and Yunus-1 wells at depths of 1000 m and 1600 m below the surface, respectively (Fig. 15) . In the seismic section the Sogucak Formation is imaged at a two-way travel time of 1.6 s, equivalent to a depth of c. 1.8 km, at a distance of 6 km SW of the Çatalca ridge (Fig. 14a) . The correlation of the subsurface and surface Sogucak Formation indicates c. 2 km of vertical offset along the Çakıl Fault. The subsurface Sogucak Formation is most probably late Eocene in age, the same as that for the Çatalca ridge (SBZ19-20, 37-34 Ma; Less, Özcan & Okay, 2011) . This would indicate that the Çakıl Fault was active from late Eocene until middle Oligocene time (37-28 Ma) for a period of c. 9 Ma, when it accumulated a vertical offset of c. 2 km.
In extensional basins, the syntectonic sediments increase in thickness towards the bounding faults (e.g. Gawthorpe & Leeder, 2000) . Although the Çakıl Fault has a large cumulative offset, the seismic section shows no such increase towards the fault (Fig. 14a) . This is also the case for the other normal faults along the northeastern margin of the Thrace Basin (cf. Perinçek, 1991; Turgut, Türkarslan & Perinçek, 1991) , suggesting that the locus of subsidence in the Thrace Basin was in the centre and not on the marginal faults.
Geological evolution
5.a. Early-middle Eocene sedimentation and middle Eocene shortening
During early-middle Eocene time there was widespread siliciclastic turbidite deposition in northern Anatolia (Saner, 1980; Özcan et al. 2012) ; the realm of turbidite deposition included much of the present Thrace Basin and extended to the Black Sea (Fig. 1) . There is no evidence that the Thrace Basin existed as a separate depocentre during early Eocene time.
During early middle Eocene time there was a major phase of shortening in the Anatolia and Balkans. The Palaeozoic sequence of the Istanbul region was thrust north over the Upper Cretaceous volcanic rocks ( Fig. 1 ; Baykal, 1943; Baykal & Önalan, 1980) . This thrust can be traced for over 50 km on both sides of the Bosphorus (Fig. 2) , and is recorded in an intraEocene angular unconformity in theŞile region on the Black Sea coast, where lower Lutetian (SBZ13) shallow-marine limestones lie with an angular unconformity over a lower Eocene sequence (Baykal & Önalan, 1980; Özcan, Less & Kertész, 2007; Özgül, 2012) . The north-vergent thrusting in the Balkanides also started during middle Eocene time (Sinclair et al. 1997) and was widespread in the southern Balkans (Burchfiel et al. 2008 ). An episode of intra-Eocene folding is also observed in the seismic sections in the western Black Sea shelf (Menlikli et al. 2009; Georgiev, 2012; Nikishin et al. 2015a) . The widespread contraction and resultant uplift led to the termination of sedimentation and erosion over a large region. In NW Anatolia the marine sedimentation ended during early Lutetian time (c. 45 Ma) and the region has been above sea level since then (Özcan et al. 2012) . The lower Eocene sequence in the Çatalca gap was eroded during middle Eocene time. A remnant early-middle Eocene basin may have survived the middle Eocene deformation in the centre of the Thrace Basin; however, there is no evidence that there was a connection to the West Black Sea Basin during late middle Eocene time.
5.b. Late Eocene transgression in the Thrace Basin
During late Eocene time the western Anatolia and the Aegean region remained as erosional areas. The only exception was the Thrace Basin, where the realm of marine deposition expanded to its present outlines. A connection with the Black Sea was established through the Çatalca gap at the base of the upper Eocene strata (SBZ18A), when shallow-marine limestones were deposited in the centre of the Çatalca gap. The transgression was gradual and the Çatalca ridge was flooded during middle late Eocene time (SBZ19). A second connection between the Thrace Basin and the Black Sea existed during middle late Eocene time through Kıyıköy and Vize ( Fig. 1 ; Less, Özcan & Okay, 2011) . Towards the end of late Eocene time, the deposition of pelagic marls expanded from the Black Sea to the Çatalca gap and probably to the Thrace Basin. Upper Eocene marls are also reported fom the onshore and offshore parts of the Burgas Basin in the Black Sea ( Fig. 1 ; Juranov, 1992; Georgiev, 2012) .
5.c. Early Oligocene
During early Oligocene time the Kıyıköy-Vize connection was largely terminated and the Çatalca gap was the only connection between the Black Sea and the Thrace Basin. Deep-marine marls were deposited in the Çatalca gap and in the eastern part of the Thrace Basin. Some studies have suggested that clastic turbidites were transported from the Thrace Basin to the West Black Sea during early Oligocene time through the Çatalca gap (e.g. Nikishin et al. 2015b) . However, the Thrace Basin was sourced from the west from the Rhodope Massif and from the south (D'Atri et al. 2012; Cavazza et al. 2013 ) and little clastic sediment reached the eastern parts of the Thrace Basin during early Rupelian time. Sedimentation of marls in the Çatalca gap during early Oligocene time also indicates a lack of clastic transport from the Thrace Basin into the Black Sea during this period. The connection to the Black Sea was closed during middle Rupelian time (at the end of the P19 Zone, c. 30 Ma) through thrusting and uplift along the Black Sea margin.
The Eocene-Oligocene boundary is usually taken as the time when the Tethys ocean split into a Paratethys in the north and Mediterranean in the south separated by a discontinuous land bridge extending from Iran through Turkey to Central Europe (e.g. Rögl, 1999; Steininger & Wessel, 1999) . The lower Oligocene sequence offshore Bulgaria is characterized by anoxic shale and marl (Sachsenhofer et al. 2009 ), whereas the Çatalca gap (and by implication the Thrace Basin), regarded as part of the Paratethys, had fully marine conditions during late Eocene -early Oligocene time with a well-developed marine fauna. The typical Paratethyan facies and faunas, such as those observed in the Pınarhisar Formation (e.g. İslamoglu et al. 2008) , were restricted to regions close to land.
In the Thrace Basin there was a change from carbonate to clastic deposition and a drastic increase in the rate of sedimentation durin early Oligocene time. Shallow-marine limestones of the Sogucak Formation have a thickness of 20-80 m, whereas the overlying upper Eocene -middle Oligocene siliciclastic sequence in the Thrace Basin is several kilometres thick (Turgut, Türkarslan & Perinçek, 1991) . During middle Rupelian time a major delta propagated from the south and SW into the Thrace Basin, filling it up gradually during middle Oligocene time (Şenol, 1980) . The sedimentation in the Thrace Basin ended by late Oligocene time followed by shortening during latest Oligoceneearly Miocene time.
Conclusions
New biostratigraphic, geochronological and geological data and critical appraisal of published data have lead to a number of conclusions regarding the Thrace Basin and its connection to the West Black Sea Basin.
1. During early and middle Eocene time the Thrace Basin and the Pontides were a realm of clastic deposition, which also encompassed the Black Sea. This depositional period ended with a major phase of contractional deformation during late middle Eocene time in the Pontides with erosion of the lower-middle Eocene sequences over large areas. The Black Sea and a remnant Thrace Basin survived the middle Eocene deformation.
2. A marine connection was established from the Black Sea to the Thrace Basin at the base of the upper Eocene strata through the Çatalca gap west of Istanbul. This led to widespread marine transgression in the Thrace Basin.
3. During late Eocene -early Oligocene time (38-31 Ma), the marine connection with the Black Sea was maintained through the Çatalca gap west of Istanbul. The Çatalca gap follows the damage zone of the Late Cretaceous West Black Sea Fault.
4. Major faults create damage zones, which form axial valleys and may act as marine gateways. The West Black Sea Fault zone acted as such a marine gateway during late Eocene -early Oligocene time between the Black Sea and the Thrace Basin (Fig. 8) .
5. The marine gateway between the Black Sea and the Thrace Basin was closed during middle early Oligocene time (c. 30 Ma, end of the P19 Zone) through thrusting along the Black Sea margin (Fig. 8) . The closure of the marine connection eventually led to the paralic conditions in the Thrace Basin.
6. Although there was a marine connection between the Thrace Basin and the Black Sea during late Eocene -early Oligocene time, there was no exchange of clastic sediment. The sedimentary sequence in the Çatalca gap consists of shallow-marine upper Eocene limestones overlain by lower Oligocene pelagic marls (Fig. 12) .
7. The Black Sea and the Thrace Basin are considered as part of the Paratethys during early Oligocene time; however, fully marine sequences with a rich fauna of foraminifera were deposited in both basins during middle early Oligocene time.
